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The concept
Hands have five fingers, with each
finger different and arranged in a
particular order. Obvious perhaps,
but the way that this arrangement is
achieved during development has
intrigued developmental biologists
for decades. How do the cells of the
hand know whether to form a thumb,
index or little finger? More generally,
how do cells know where they are
within a tissue so that they form the
appropriate structure for their
position? From the study of a
number of developing tissues, some
general principles have emerged. In
many cases, a group of cells within a
tissue acquires an executive role and
instructs neighbours on how to
behave. These so-called ‘organisers’
produce a signal that spreads to
neighboring cells, which interpret the
signal in a quantitative fashion and
thus measure their distance from a
given position. A signal that behaves
in this manner has been termed a
morphogen. 
Although the mathematical
genius Allan Turing coined the term
and is often credited with the
concept of a morphogen, several
embryologists including Dalq and
Pasteels, had already suggested that
signals could spread from organising
tissues and induce distinct cellular
responses. Of course Turing, Dalq
and Pasteels lived at a time before
the molecular nature of these signals
could be investigated. The
revolution in molecular genetics has
now given us the identity of the
signals and the tools to investigate
them. This has led to the modern
definition of a morphogen. To qualify
as a morphogen a molecule must
fulfill two key criteria: it must act
directly at a distance, and induce
distinct outputs at different
concentrations.
The first molecules to be
identified as morphogens were the
transcription factors encoded by the
Drosophila genes bicoid and
hunchback. Transcription factors are
not the kinds of molecules one
would expect to act as morphogens.
However, Bicoid and and
Hunchback operate in the embryo
before cellularization and they
diffuse from one nucleus to another.
Syncitial development is admittedly
an atypical situation, but it serves to
highlight the issues of action at a
distance and concentration
dependence. Antibodies show that
Bicoid and Hunchback form
concentration gradients along the
anterior–posterior axis. And detailed
experiments have shown that the
local concentration of transcription
factor determines the choice of
target genes that individual nuclei
express, consequently controlling
anterior–posterior patterning. Thus a
morphogen forms a concentration
gradient and elicits distinct
responses in a concentration-
dependent manner.
Key criteria from Drosophila
Nuclei do not usually live in a
syncytium. In most developing
systems, they are separated by cell
membranes, which prevent the
spread of transcription factors. A
more general model for studying the
action of morphogens in a cellular
field consists of the imaginal disks
of Drosophila larvae, the primordia of
the adult appendages. Early in
development, imaginal disks are
separated into two clonally distinct
anterior and posterior compartments
(Figure 1). The Hedgehog (Hh)
signal is expressed throughout the
posterior compartment and induces
the transcription of decapentaplegic
(dpp) in anterior cells that border the
compartment boundary. Dpp, a
secreted protein homologous to
mammalian Bone morphogenetic
protein (BMP), is absolutely
required for disk patterning and
indeed development. As it turns out,
Dpp is the morphogen that
organises the disk’s
anterior–posterior axis. The
experiments that led to this
conclusion illustrate the criteria that
are now generally applied to any
secreted signal suspected of being a
morphogen.
The identification of Dpp target
genes was an important step. The
gene spalt is expressed near the
source while the expression of
optomotorblind covers a broader area,
also centered on the source. In the
absence of Dpp, neither target is
expressed. Conversely, ectopic
expression of Dpp induces ectopic
expression of the target genes. This
can be shown by forcing clusters of
cells to express Dpp. (The ability to
induce the expression of any gene in
a cell and its progeny is an
important technique in the arsenal
of Drosophila developmental
genetics.) Clones of cells that
express Dpp induce the remote
expression of the two target genes in
a nested fashion (Figure 1).
Therefore, the signal controls
patterning over a long range.
But is the long range action
direct? Is the signal actually
reaching target cells or does it affect
distant cells by way of additional
short range inductions? To address
this question, one must be able to
prevent reception of the signal in
target cells and assess the
consequence. Clones of cells that
lack the Dpp receptor Thickvein are
unable to express either
optomotorblind or spalt showing that
Dpp signal transduction is required
in distant cells. Therefore, target
genes are activated by direct
exposure to the signal and
transduction of the signal is required
in all target cells. Conversely, cells
that are made to express ligand-
independent forms of the receptor
— constitutively active receptors —
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activate the expression of the target
genes in a cell-autonomous manner.
Therefore activation of the signal
transduction pathway is sufficient to
induce target gene expression. Here,
as target gene activation is cell
autonomous, one can conclude that
long-range action is not mediated by
a secondary signal.
To emphasize the point about
direct action, the contrast with Hh,
another secreted protein, is
informative. As pointed out above,
Hh signalling induces dpp expression
at the compartment boundary. As
expected, clones of hh-expressing
cells cause expression of spalt and
optomotorblind in a non-autonomous
manner. However, the same non-
autonomous effect is seen when
clusters of cells are made to activate
autonomously the Hh signalling
pathway, by directly manipulating
the signal transduction machinery.
This is because Hh signalling
activates transcription of dpp. Thus,
Hh acts on optomotorblind and spalt
by way of an intermediate signal,
Dpp. To complicate matters
however, in addition to activating the
expression of the long range
morphogen Dpp, Hh does act as a
shorter range morphogen to organise
pattern elements near the
compartment border.
As shown by the example above,
the ability to manipulate the
production and reception of the
signal in marked cells is essential.
This approach has also been possible
for Wingless, a secreted glycoprotein
of the Wnt family, which is
responsible for patterning the
orthogonal, dorsal–ventral axis of
wing disks. In this case, signal
transduction can be blocked locally
by removing, in clones, an essential
component of the signal transduction
machinery, the Armadillo protein.
Conversely, cell autonomous
activation of the pathway can be
achieved with an activated form of
Armadillo. A membrane-tethered
form of Wingless has also been
constructed and, as expected, acts
non-cell autonomously but at a short
range. Together the data
demonstrate that Wingless acts
directly over a long range to pattern
the dorsal–ventral axis of the wing.
Similar evidence is emerging for
other secreted molecules acting in
Drosophila. 
Alongside action at a distance, the
second feature characterizing
morphogens is their ability to control
gene expression and cell fate in a
concentration dependent manner.
Target genes that are only activated
near the source are expected to
require a high level of signalling
while distant targets should be
sensitive to low amounts of signal.
This is not so easy to test in the fly.
Dose dependent responses can only
be inferred by the induction of
different genes at distinct distances
from the source (Figure 1). However,
two kinds of approaches have been
used as more stringent tests. When
available, a temperature sensitive
allele of the gene encoding the signal
can, in principle, be used to tune
signalling levels and give
interpretable results, as long as the
expression pattern does not change.
Alternatively, promoters of different
strengths can be used to induce the
expression of ligand-independent
components of the signalling
transduction pathway. In many cases,
these approaches have confirmed
that Dpp, Wingless and Hh can act as
morphogens in specific
circumstances. 
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Figure 1
Decapentaplegic (Dpp) is a morphogen in
Drosophila wing imaginal disks. (a) Wing
imaginal disks are subdivided in anterior (A)
and posterior (P) compartments. The
Hedgehog signal is produced in P cells (grey
shading) and activates dpp expression in A
cells (red stripe). Expression of the two Dpp
target genes spalt (orange) and
optomotorblind (omb) (green) is shown on
the right. (b) Stylised effect of experimental
manipulation of Dpp signalling showing
ectopic expression of dpp (red), ectopic
expression of activated receptor (blue) and
removal of receptor expression (tkv-).
dpp
Activated tkv
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Morphogens in vertebrates
Although clearly inferred to exist,
morphogens have proved difficult to
pin down in vertebrates. Over
30 years ago, a morphogen gradient
was proposed to inform cells in the
developing limb of their position
with respect to a group of posterior
(little finger side) mesenchymal
cells known as the zone of polarizing
activity (ZPA) (Figure 2). Elegant
microsurgery experiments
demonstrated that the ZPA is
indeed the source of a signal that
controls the pattern of digits.
Retinoic acid was an early candidate
for this signal, however, proof that it
worked directly on the tissue never
materialised. It became clear that
the activity of retinoic acid is
mediated by secondary signals and it
is now known that it induces the
expression of BMP2 and Sonic
Hedgehog (Shh), homologues of
Dpp and Hh respectively. Both
these signaling molecules are
normally expressed in and around
the ZPA and current opinion leans
toward assigning Shh the role of
digit morphogen. Shh signalling is
dose-dependent, inducing different
digits at different concentrations and
Shh produces long range effects in
limb. However, there is as yet no
formal proof that Shh acts directly
on cells rather than via a secondary
signal.
By contrast, in the vertebrate
neural tube recent experiments
provide direct evidence that Shh
acts as a morphogen. In this tissue,
the ventral midline acts as an
organiser and is the source of a
signal that controls the generation of
different neuronal subtypes at
distinct dorsal–ventral positions.
Shh is expressed by midline cells
and is required for patterning the
ventral neural tube (Figure 2).
Recent work has borrowed the
strategy used to show the long range
action of Dpp in disks, using gain of
function and dominant negative
versions of components of the Shh
signalling pathway. These studies
have shown that Shh acts directly
and at long range to pattern the
ventral neural tube. Shh is by no
means the only vertebrate molecule
that is capable of acting as a
morphogen. For instance, BMPs
have been suggested to pattern the
frog mesoderm (see below), but in
this and other cases, definitive
evidence for direct action is largely
lacking.
Dose-dependence of outputs 
The ability to culture vertebrate
tissue in vitro in defined medium
provides a framework in which to
investigate the concentration
dependent effects of putative
morphogens. In one of the earliest
patterning events in
vertebrates, mesoderm induction, a
morphogen has been implicated.
Cells isolated from blastula stage frog
embryos respond in a concentration
dependent manner to the BMP
family member Activin to form
mesoderm. The higher the
concentration of Activin the more
dorsal the mesodermal fate induced.
Moreover, by sandwiching explants
of blastula tissue around beads
containing different concentrations of
Activin, it was found that low Activin
concentrations induced ‘low
response’ genes close to the bead
while high Activin concentrations
induced ‘high response’ genes close
to the bead and ‘low response’ genes
in more distant tissue. Although
these experiments provide clear
evidence that mesoderm can be
patterned by dose dependent
responses to a BMP signal, the
identity of the endogenous molecule
that has this role is still controversial,
and whether this signal fulfils the
morphogen criteria remains to be
seen.
For Shh, the ability to culture
neural plate in vitro has been used in
a similar manner to show that this
signal is able to induce different
neuronal subtypes at different
concentrations. Importantly, the
concentration of Shh necessary to
induce a particular cell type fits with
the arrangement of cell types in vivo
(Figure 2).
How does a single signal generate
distinct outputs?
Much remains to be learnt about
how morphogens are perceived by
cells. Perhaps the most challenging
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Figure 2
(a) Vertebrate limbs develop from
mesodermal outgrowths known as limb buds.
The anterior–posterior axis of the limb is
patterned by a morphogen, the source of
which is a region on the posterior side of the
limb bud known as the zone of polarizing
activity (ZPA). The secreted signalling
molecules Shh and BMP2 are expressed in
or around the ZPA. The morphogen signal is
responsible for directing the A–P pattern of
the limb which corresponds to the little finger
to thumb axis of the limb. (b) In the ventral
neural tube of vertebrates different neuronal
subtypes are generated at distinct
dorsal–ventral positions (large coloured
circles). The specification of these neuronal
subtypes depends on Shh, which is secreted
by the ventral midline cells of the notochord
(N) and floor plate (FP). Shh (small blue dots)
forms a gradient in the neural tube and
directs the specification of neuronal fate in a
concentration-dependent manner.
ZPA Shh
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problem to be addressed is how
morphogen gradients are converted
into distinct cellular responses. How
are differences in the extracellular
concentration of a ligand
communicated intracellularly so that
gene expression reflects the amount
of signal received by a cell? In
principle, signal transduction could
branch out to different effectors,
perhaps through receptors with
different affinities, in response to
different concentrations of a
morphogen. Alternatively,
differences in the concentration of
signal may result in the same
signalling pathway being activated
to different extents. Evidence
currently favours the latter
possibility. For example, in
Drosophila, it has been shown that
the expression of different amounts
of activated Toll receptor is
sufficient to recapitulate patterning
events controlled by the Spätlze/Toll
signalling system.
Such a finding then transfers the
problem to understanding how
quantitative changes in signalling
intensity control differential gene
expression, an important challenge
in current research. Although this
problem is simply stated,
approaching it is complicated by
interactions among target genes that
almost certainly contribute to the
final output. Indeed the cell fate
decisions controlled by morphogens
can take days to emerge suggesting
the existence of downstream
interactions and temporal
integration of the signal. One
important role for such downstream
interactions is to resolve a graded
signal into discrete patterns of gene
expression. From a researcher’s
point of view however, downstream
interactions make it difficult to
assess how many responses a
morphogen can induce on its own.
Nevertheless, it is clear that the
ordered establishment of cell fates
follows from an initial asymmetry
imparted by the morphogen and it
remains to be understood how
different signalling levels are
measured and transduced.
Morphogen transport
Another area of active research
concerns the mechanisms that
generate morphogen gradients or,
more simply, that drive the spread of
morphogens within a tissue. As
developing epithelia can be highly
convoluted and as signals spread
along the plane of epithelia, free
diffusion in the extracellular space is
unlikely. In some situations, cell
proliferation and movement can
contribute to the spread of a signal,
however other mechanisms must
exist that transport signals from cell
to cell. One possible mechanism,
which appears to drive the spread of
Dpp in wing imaginal disks,
involves endocytosis and re-release
in the extracellular space, a process
called planar transcytosis. However,
this may not apply to all signals.
Indeed, it has been suggested that
Wingless may diffuse in the
extracellular space in association
with cell surface molecules such as
heparan sulfate proteoglycans.
Clearly more work is needed to
understand how trafficking of a
signal by individual cells leads to the
formation of a reliable concentration
gradient.
So few morphogens, so many
outcomes
Different signals may only act as
morphogens within a specific
developmental context. For
example, Wingless acts at distinct
ranges in Drosophila embryos and
imaginal disks. Likewise, we expect
the range of many other signals to
depend on the individual situation.
Moreover, the response to a
morphogen is affected by the
presence of antagonists, as well as
competing or redundant signals,
which will affect the specificity of
response in individual tissues.
Clearly, both the range and the
output of a given signal are context-
dependent. This allows a relatively
small number of signals to control
the diverse array of biological
structures seen in all species. It also
raises yet another challenge: to
identify the key aspects within each
situation that channels the action of
a morphogen to such diverse modes
of action and responses.
Finally, although one usually
thinks of morphogens as directing a
scalar response, for example cell fate
and gene expression, a morphogen
concentration gradient may, in
addition, impart planar polarity to a
given tissue. How secreted signals
polarise cells within a tissue is yet
another emerging issue that captures
the curiosity of many developmental
biologists. Whatever progress the
next few years brings, the
morphogen concept will continue to
provide a useful guiding principle in
unraveling the mysteries of
embryonic development.
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